Adaptive radiation is defined as the evolution of ecological and phenotypic diversity within a rapidly multiplying lineage. When it occurs, adaptive radiation typically follows the colonization of a new environment or the establishment of a ''key innovation,'' which opens new ecological niches and͞or new paths for evolution. Here, we take advantage of recent developments in speciation theory and modern computing power to build and explore a large-scale, stochastic, spatially explicit, individual-based model of adaptive radiation driven by adaptation to multidimensional ecological niches. We are able to model evolutionary dynamics of populations with hundreds of thousands of sexual diploid individuals over a time span of 100,000 generations assuming realistic mutation rates and allowing for genetic variation in a large number of both selected and neutral loci. Our results provide theoretical support and explanation for a number of empirical patterns including ''area effect,'' ''overshooting effect,'' and ''least action effect,'' as well as for the idea of a ''porous genome.'' Our findings suggest that the genetic architecture of traits involved in the most spectacular radiations might be rather simple. We show that a great majority of speciation events are concentrated early in the phylogeny. Our results emphasize the importance of ecological opportunity and genetic constraints in controlling the dynamics of adaptive radiation.
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ecological ͉ modeling ͉ speciation ͉ diversification ͉ parapatric A daptive radiation is not only often spectacular but also a remarkably complex process, which is affected by many different factors (genetical, ecological, developmental, environmental, etc.) interacting in interwoven nonlinear ways. Different, sometimes contradictory scenarios explaining adaptive radiation have been advanced (1) (2) (3) . Which scenarios are more plausible and general is a highly controversial question. Because of the long time scale involved and the lack of precise data on its initial and intermediate stages, even identifying general patterns of adaptive radiation is very difficult (1, 2, (4) (5) (6) . As a result, no clear discussion of general patterns of adaptive radiation exists in the literature. Whether the patterns identified in specific case studies apply to other systems is, in general, unknown.
Adaptive radiation can be viewed as an extension of the process of speciation (driven by ecological factors and subject to certain initial conditions) to larger temporal and spatial scales. Recent explosion in empirical work on speciation (7) has been accompanied by the emergence of a quantitative theory of speciation (8) . In contrast, there have been almost no attempts to build genetically based models of large-scale evolutionary diversification. The few existing examples (8) (9) (10) are applicable only to asexual populations or do not treat explicitly spatially heterogeneous selection and ecological competition but concentrate on stochastic factors instead. However, diversifying selection is thought to be very important in adaptive radiations, and it has been shown that adaptive diversification in similar environments can overcome stochasticity and historical contingencies (11) .
We build on a model of speciation by means of adaptation to a new ecological niche occurring simultaneously with the evolution of genetically based preferences for the niche (12, 13) . Although this model was originally proposed as a model of nonallopatric speciation in the apple maggot fly Rhagoletis pomonella (14) , it is applicable to other systems where individuals choose an ecological niche in which they mate and raise offspring. Besides its generality and simplicity, this model is known to provide one of the easiest ways to achieve nonallopatric speciation (8) . Furthermore, it is the only mathematical model of nonallopatric speciation strongly supported by experimental work (15) . We will use this model within the framework of parapatric speciation (7, 8, 16, 17) in which spatial heterogeneity in selection, isolation by distance, and migration into new patches all play crucial roles. Our goal is to help identify potential general patterns of adaptive radiation and evaluate their characteristic time scales.
We consider a scenario in which a few individuals of a sexual diploid species colonize a new environment (e.g., an island or a lake) in which a number of spatially structured empty ecological niches are available. For example, Anolis radiation on Caribbean islands is largely driven by adaptation to six ecological niches associated with different parts of vegetation (4) . The founders have low fitness but still may seed a population that is able to survive throughout the environment at low densities because there are plenty of resources and there are no competitors. The founders have no particular preference for the ecological niches available in the new environment. However, as selection acts on the new genetic variation supplied by mutation, different lineages can get adapted to and simultaneously develop genetic preferences for different ecological niches. The process of ecological and phenotypic diversification driven by selection for local adaptation will be accompanied by the growth in the densities of emerging species.
Model
In our model, space is subdivided into a rectangular array of ''patches,'' each of which can support a population of a certain size. For example, one can think of different types of vegetation or soil or different parts of a lake environment. There are k environmental factors i (i ϭ 1, 2, . . . , k). Each of these factors can take only two discrete values, 0 and 1, corresponding to, say, sandy or rocky lake bottom, high or low light level, etc. Consequently, each patch belongs to one of 2 k possible types (''ecological niches''). For example, habitat specialist niches into which Caribbean anoles have evolved are multidimensional, involving several distinct and independent aspects of morphology (18) . Initially, ecological niches are assigned to patches randomly with equal probabilities.
Each individual has 2k additive characters controlled by different unlinked diallelic loci with equal effects: k ''ecological characters,'' x i , and k''preferences,'' y i (i ϭ 1, 2, . . . , k). All characters are scaled to be between 0 and 1. The ith ecological character x i controls the fitness component w i associated with the ith environmental factor. Specifically, w i is a decreasing function of ͉x i Ϫ i ͉. That is, each ecological character is subject to directional selection toward an extreme value (0 or 1). The overall fitness w is taken to be the product of the fitness components (i.e., w ϭ w 1 w 2 . . . w k ). Within each niche selection acts on viability and is density dependent. Note that a hybrid between two individuals adapted to the two alternative states of an environmental factor will have an intermediate phenotype and low fitness in both environments [as implied in the scenario of ecological speciation (2, 19, 20) ].
The ith preference character y i controls preference component p i for the ith environmental factor. Specifically, p i is a decreasing function of ͉y i Ϫ i ͉. That is, the closer y i is to i , the stronger is the preference for the corresponding environmental state. The overall preference for an ecological niche characterized by environmental factors 1 , 2 , . . . , k is taken to be the product of the individual preference components (i.e., p ϭ p 1 p 2 . . . p k ). The probability that an adult enters a patch to mate and raise offspring is proportional to its preference p for the ecological niche present in the patch. Empirical data show that genetic variation in habitat preference is common (21) . Note that a hybrid between two individuals with strong preferences to the two alternative states of an environmental factor will have low preference for either environment [e.g., as experimentally demonstrated in species of maggot flies Rhagoletis where hybrids show reduced response to parental host-fruit odors (22)].
Each individual also has a number of multiallelic neutral loci subject to stepwise mutation (23) . These loci are used to evaluate the levels of genetic divergence within and between species one would observe if using microsatellite markers.
With a small probability per generation, each patch goes extinct. When this extinction happens, all individuals present there die, and the ''niche'' assigned to this patch is chosen anew randomly. The later assumption is a simple way to have some turnover of ecological niches. For example, if a patch represents a tree of a certain host species, then when the tree dies its space can be occupied by a tree of a different host species.
Generations are discrete and nonoverlapping. The life cycle consists of viability selection, preferential dispersal of surviving adults among neighboring patches (including the patch of origin), and random mating among individuals within the patch and offspring production. For example, this life cycle is common in Diptera and Lepidoptera (13) . We assume that genetic incompatibilities and sexual selection are absent; the only type of reproductive isolation possible is through differences in habitat preferences and selection against immigrants from divergent habitats (24) . An example is provided by two sympatric species of phytophagous ladybird beetles reproductively isolated only by host-plant specificity (25) . The assumption of random mating within patches implies that any costs of mate choice, which can easily prevent divergence and speciation (8, 26) , are absent.
In our model, for each individual, there is a niche, say niche J, where it is most fit, and there is a niche, say niche I, for which it has the strongest preference. We interpret each individual for whom J ϭ I as a member of species I. We will interpret all other individuals as ''hybrids.'' Because both fitness in a niche and preference for a niche are controlled genetically, our ''species'' also represent distinguishable genetic clusters that are reproductively isolated to a certain degree. The degree of reproductive isolation gets progressively amplified as a by-product of ecological adaptation and strengthening of preferences.
Methods
Here we provide some additional details on the model and simulations.
Density-Dependent Viability Selection. Fitness component w i is given by a Gaussian function,
, where is a parameter measuring the strength of selection. The overall fitness wϭ w 1 . . . w k controls a carrying capacity, K ϭ K 0 w, associated with the phenotype, where K 0 is the maximum carrying capacity. The probability that an individual survives to the age of reproduction is given by the Beverton-Holt model (27) : parameter measuring the maximum possible preference and the sign is ''ϩ'' for i ϭ 1 and ''Ϫ'' for i ϭ 0. If a i ϭ 0, no preference can evolve, whereas if a i ϭ 1, the strongest possible preference, i.e., p i ϭ 1, can evolve.
Dispersal. Each adult migrates to one of the eight neighboring patches or returns back to its native patch with probabilities proportional to its preferences for the corresponding ecological niches. For patches at a boundary, the number of patches available for emigration is reduced according to the number of neighboring patches.
Mating. Mating pairs are formed in the following way. Each adult is chosen once as a ''female.'' For each female, a ''male'' is chosen randomly among remaining adults. Each mating results in a number of offspring drawn from a Poisson distribution with parameter b. Under this mating scheme the variance effective population size (28) of the juveniles is equal to N e ϭ (4N Ϫ 2)͞(2 ϩ 3͞4), where N is the number of juveniles. Recombination is free. Mutation occurs with a small probability.
Initial Conditions. K init adults populate a single patch in the upper left corner of the system. All individuals are identical homozygotes with all traits exactly at 1͞2. There is no genetic variation in the neutral loci either.
Parameter Values. We varied system size (8 ϫ
Population Genetic Structure at Neutral Loci. To estimate the levels of spatial structuring in neutral loci we used the analysis of molecular variance (AMOVA) framework (29, 30) . Specifically, let y spi represents the ith haplotype in the pth patch of the sth species. Using a linear model, y spi ϭ y ϩ ␣ s ϩ ␤ sp ϩ ␥ spi , where y is the vector of expected allelic states. The effects ␣, ␤, and ␥ stand for the species, the patch, and the individual, respectively, and are assumed random, additive, and independent, with associated variance components ␣ 2 , ␤ 2 , and ␥ 2 . Let the total variance be
Genetic distances between pairs of haplotypes, which are the crucial component of the AMOVA framework, were computed by using two different approaches. In the first approach, the genetic distance was defined as Number of times the population has survived to generation 500 and to generation 100,000 (in parentheses) out of the 50 runs done as a function of the system size, the number of loci per trait L, and the local extinction rate .
the Hamming distance so that each locus contributed 0 (if the alleles are identical) or 1 (if alleles are different). The corresponding estimates of the intraclass correlations are labeled as F ST , F SC , and F CT . In the second approach, each locus contributed the value equal to the square of mutational steps separating the two alleles taking into account the stepwise mutation model (30) . The corresponding estimates of the intraclass correlations are labeled as R ST , R SC , and R CT .
Numerical Results and Biological Interpretations
For parameter combinations used in our numerical simulations, adaptive radiation into a number of ecological niches often follows the colonization of a new environment. Fig. 1 illustrates some states reached by the system with k ϭ 3 (and, thus, 8 possible ecological niches) after 100,000 generations of evolution with no local extinction. In the four cases shown, two, four, four, and eight species have emerged. (A representative gallery of graphical results is provided in the supporting information, which is published on the PNAS web site.) In the cases shown, a large number of local populations are close to the carrying capacity. However, in some patches populations are very small. These populations are ''sink populations'' (31) that cannot adapt to the conditions they experience because of the deleterious effect of migration of locally maladapted genotypes. Generally, in the course of the simulations, ecological traits evolve faster, approach their optimum trait values closer, and maintain less genetic variation at (stochastic) equilibrium than the preference traits. Table 1 illustrates the effects of some parameters on the probability of successful colonization. We differentiate between the short-term establishment (STE), i.e., survival for the first 500 generations, and the long-term establishment (LTE), i.e., survival for the first 100,000 generations. Overall, the probability of STE decreases with the system size (P Ͻ 0.001) and the local extinction rate (P ϭ 0.0555); the effect of the number of loci and of the interaction of different factors are statistically insignificant. LTE was never observed in 8 ϫ 8 systems, whereas STE guaranteed LTE in 32 ϫ 32 systems. In systems of intermediate size (i.e., 16 ϫ 16) local extinction actually promoted LTE. For example, with L ϭ 8, LTE was observed only 5 times with ϭ 0.01 but 22 times with ϭ 0.04. This unexpected observation is explained by the fact that local extinction, besides decreasing the population size, increases the turnover of niches and, thus, allows the species to spread through larger areas, which in turn increases its chance of survival.
Success of Colonization.
''Area Effect.'' In Anolis lizards, empty ecological niches get filled only on islands of sufficiently large area (4). This area effect in the case of no local extinction is illustrated in Fig. 2 . The figure clearly shows that larger areas allow for more intensive diversification. In our simulations, eight ecological niches are always available. However, in systems of smaller size, not all niches are filled. The area effect has the following explanation. First, larger areas can support larger population sizes, which in turn results in more advantageous mutants on which diversifying selection can act. Second and more importantly, in larger areas new locally advantageous genes may become better protected by distance from the diluting effect of locally deleterious genes, which otherwise can easily prevent adaptation to a new niche (32) . Isolation by distance allows new advantageous combinations of genes to accumulate in large numbers promoting further adaptations to new ecological niches. Similar effects are observed when local extinction is allowed (data not shown). In this case, the area effect is augmented by a higher persistence of large populations in the presence of local extinction.
Effect of the Number of Loci. Fig. 2 also shows that increasing the number of loci underlying the traits decreases diversification. This Fig. 3 . The distribution of the time to speciation. There were only 23 cases when speciation occurred between generations 10,000 and 20,000, and there were 43 cases when speciation occurred after 20,000 generations (out of 3,587 cases). The time of speciation was defined as the generation when the number of adults in a species reached 100 for the first time. effect happens because a larger number of loci implies weaker selection per each individual locus and a stronger overall effect of recombination in destroying coadapted gene complexes.
Timing of Speciation. Typically, if more than one species emerges, there is a burst of speciation soon after colonization rather than a more or less continuous process of speciation (see Fig. 3 ). Similar behavior has been observed in a number of other models (8) . The explanation can be given in terms of ecological opportunity and genetic constraints (33) . Initially, the former is much larger (because there are more empty niches, local densities are low, and competition is weaker), whereas the latter is much smaller (because the founders are not specialized) than later in the radiation. As a consequence, in our simulations Ͼ98% of speciation events occurred within the first 10,000 generations.
''Overshooting Effect.'' In some adaptive radiations, the diversity (i.e., the number of species) peaks early in the radiation. For example, the number of species of spiny-legged Tetragnatha spiders on younger Hawaii islands is larger than on the older ones (6). Our simulations provide some support for the generality of this overshooting effect. For example, all runs corresponding to 8 ϫ 8 systems resulted in eventual extinction. However in some of these runs up to three species were observed at some point in time. Another illustration is given in Fig. 4 , which shows a decline in the average species diversity and maximum species diversity observed in some runs in 16 ϫ 16 systems. An explanation of the overshooting effect can be given in terms of the differences between the rates of species extinction and origination. Whereas the former is more or less constant in time (excluding the first few thousand generations), the latter decreases in time because of the effects of ecological opportunity and genetic constraints as discussed above. Note that the overshooting effect was system-size specific: it was not observed in 32 ϫ 32 systems. The reason, most likely, is that in larger systems a longer period is needed for a decline in diversity to become apparent.
Hybridization and Neutral Gene Flow. In our simulations, species can stably maintain their divergence in a large number of selected loci for very long periods of time despite substantial hybridization and gene flow that removes differentiation in neutral markers. The level of hybridization has been characterized by the proportion of individuals that are not hybrids and by a statistic, Cramer's V (34), measuring the strength of association between the optimum and the most preferred niches. Both are typically high but never very close to 1. Another illustration is given in Fig. 5, which shows that the level of divergence in neutral microsatellite loci between populations from different species is comparable with that between populations from the same species. This phenomenon is observed in spite of the fact that the species have significantly diverged in 96 selected loci. Similar observations are often made in natural populations. For example, blue butterfly species Lycaeides idas and Lycaeides melissa utilize different hosts and have diverged significantly in morphology, yet show no differentiation in neutral markers (35) .
''Least Action Effect.'' In our simulations, if speciation occurs after the initial burst, it usually involves a change in a single pair of characters. This observation provides theoretical support for a prediction that shifts to radically different hosts will be much less common than shifts to similar hosts (36) . That is, if a host shift happens, it proceeds, metaphorically speaking, in the direction of least action. A related observation is that when some niches are not filled, the existing species differ in the minimum number of characteristics (one or two). These effects are explained by the fact that the deleterious effects of immigration of locally disadvantageous genes on the possibility of accumulation of locally advantageous genes become stronger with genetic difference between immigrating and resident genotypes.
Discussion
Here, we have built an explicit-genetic model of adaptive radiation driven by selection for adaptation to discrete multivariate ecological niches. We have shown that strong ecologically based spatially heterogeneous selection coupled with limited migration and genetically based habitat choice can indeed result in rapid phenotypic and ecological diversification and the emergence of multiple species. In our model, ecological traits evolve faster, approach their optimum trait values closer, and maintain less genetic variation at (stochastic) equilibrium than the preference traits. Our results provide strong theoretical support and an explanation for the area effect (4), i.e., the observation that ecological niches are filled only on islands and in lakes of sufficiently large area. This effect mainly occurs because in larger areas emerging advantageous genes are better protected by distance from the diluting effect of locally deleterious genes. Geographic structure of species is fundamental to other important macroevolutionary patterns such as long-term stasis (37) . Our results also provide support, clarification, and explanation for the overshooting effect (6), i.e., the observation that species diversity declines after reaching a peak early in the radiation. The overshooting effect is explained by the decline in the species origination rate in the face of approximately constant extinction rate. We show that the great majority of speciation events occur soon after colonization of a new environment. This effect happens because, initially, both ecological opportunity is larger and genetic constraints are less strict than later on. The fact that ''bottom-heavy'' phylogenies are the rule rather than the exception questions the validity of statistical methods used for evaluating the rates of speciation and estimating phylogenies that explicitly or implicitly assume that speciation events are distributed uniformly in time. Our model suggests that local extinction can promote global establishment of the species in a new environment. We show that diversification is most extensive when the phenotypic traits are controlled by few loci. This finding suggests that the genetic architecture of traits underlying the most spectacular adaptive radiations might be rather simple. In our model, ''host shifts'' typically proceed in the direction of least action, i.e., involve a small number of traits, which supports a similar argument made long ago (36) . We show that species can stably maintain their divergence in a large number of selected loci for very long, effectively infinite, periods of time despite substantial hybridization and gene flow that removes differentiation in neutral markers. This observation strongly supports the idea that genomes can be rather ''porous'' (14, 38) .
Most of the patterns discussed here have been identified previously in specific biological systems. However the generality of these patterns cannot be assured on the basis of single cases that currently are known. The fact that we were able to reproduce these macroevolutionary patterns starting with microevolutionary processes of mutation, random drift, migration, recombination, and selection, strongly supports the generality of these patterns. We expect that these patterns will be observed in most adaptive radiations.
Besides apparently being able to capture the essence of adaptive radiation qualitatively, the model studied here allows to make some quantitative conclusions. By using biologically realistic mutation rates and assuming no initial genetic variation (see ref. 26 on the importance of these model components), we showed that 10,000 generations can be sufficient for the emergence of up to 8 ecologically differentiated species (or even 16 species in a limited number of simulations performed with k ϭ 4). Many more species can potentially emerge in a comparable time if the dimensionality k of the niche is higher and the spatial dimension is larger than that used here.
Because of the computing-power limitations we varied only a limited number of parameters. Here we briefly discuss the expected effects of changing other parameters and assumptions. Some of these expectations are supported by limited simulations. Weaker selection will result in the formation of a single ''hybrid swarm'' with no distinguishable genetic clusters. Reduced probability of leaving the patch will make divergence slower (because selection against immigrants from diverged habitats will be less effective). Assuming nonequal allelic effects will constrain divergence and result in fewer species (because the loci with smaller effects will be less responsive to selection and, thus, will diverge to a smaller degree). If migration occurs before rather than after selection, the likelihood of speciation will significantly increase. Allowing for selfing will greatly increase the likelihood of adaptive radiation by increasing the persistence of local populations. Linkage will result in differential genetic divergence across parts of genome with genes closely linked to selected loci being more differentiated than loosely linked genes. As a result, diverged genes will tend to form clusters (8, 38, 39) . Allowing for other forms of reproductive isolation (e.g., genetic incompatibilities or genetically based mate choice) to evolve is not expected to change dramatically the patterns discussed above because they will evolve at much slower rates than ecological traits and habitat preferences (8) .
More empirical data are needed to evaluate the generality and relevance of the patterns identified here and test the predictions made.
